Background: S-nitrosylation inhibits mediators of the immune response including the transcription factor NF-B (p50/p65). Results: Exogenous and endogenous inhibitors of thioredoxin prevent p65 denitrosylation and downstream activation of NF-B. Conclusion: Thioredoxin activates inflammatory signaling through targeted denitrosylation of NF-B. Significance: Mechanisms that augment protein S-nitrosylation can be utilized to suppress the immune response.
S-nitrosylation has emerged as a preeminent mechanism by which nitric oxide (NO) modulates cellular immunity, with this post-translational modification shown to regulate numerous proteins in a wide range of immune response pathways. The proinflammatory transcription factor NF-B 2 is the prototypic example, as both subunits of the p50/p65-activating heterodimer are modified by S-nitrosylation at a conserved, redoxsensitive cysteine located in the Rel protein DNA binding domain (1, 2) . S-nitrosylation of this reactive thiol results in disruption of p50/p65 DNA binding thereby attenuating antecedent transcription of B-dependent immune response genes. Importantly, we have previously shown that S-nitrosylation of the NF-B heterodimer is the central mechanism by which inducible nitric-oxide synthase (NOS2) deactivates NF-B and inhibits the continued transcription of NOS2 in cytokine-stimulated respiratory epithelial cells and macrophages (1, 3) . These findings thus delineate a feedback loop by which S-nitrosylation controls NO production and prevents cellular nitrosative stress in immune-activated cells.
In the lung, we have shown that NF-B p65 is constitutively S-nitrosylated and that LPS exposure, in a model of acute lung injury (ALI), induces a rapid decrease in S-nitrosylated p65 (SNO-p65) (3) . Denitrosylation of SNO-p65 occurs contiguous with NF-B activation in the respiratory epithelium and initiation of the airway inflammatory response. Augmentation of SNO-p65 levels in the lung by inhalation of ethyl nitrite prevents NF-B activation and inhibits lung inflammation/injury, highlighting the physiological significance of p65 denitrosylation and suggesting that S-nitrosothiol (SNO)-based therapies may have therapeutic potential in the treatment of inflammatory lung disease (4) . However, the mechanism(s) responsible for cytokine-induced p65 denitrosylation remains unexplored and enigmatic.
The oxidoreductase thioredoxin (Trx) is a well known regulator of NF-B activity. Trx serves to facilitate NF-B-dependent transcription through direct interaction with the p50/p65 heterodimer in the nucleus reducing the conserved, redox-sensitive cysteine in the Rel DNA binding domain (5, 6) . Oxidation of this cysteine, similar to S-nitrosylation, has been shown to preclude p50/p65 DNA binding and inhibit NF-B activation (6) . In addition to its classic role as a disulfide reductase, Trx has also been shown to function in protein denitrosylation (7) . The "denitrosylase" and oxidoreductase activities both utilize the Trx active site cysteines for reduction of the targeted protein thiol. We therefore hypothesized that Trx might function in the cytokine-induced denitrosylation and activation of NF-B within respiratory epithelial cells and in our model of ALI.
Recently, Trx denitrosylase activity in cytokine-activated, NOS2-expressing macrophages was shown to be regulated by the thioredoxin-interacting protein Txnip (8) . A NO-dependent decrease in Txnip transcription resulted in an increase in SNO-protein metabolism, preventing the development of cellular nitrosative stress. These studies also suggested there to be a NO-independent, acute decrease in cellular Txnip levels not explained by attenuated transcription. We now show that cytokine-induced denitrosylation of p65 in the respiratory epithelium is mediated by Trx, which is activated predominantly by accelerated ubiquitination and proteasomal degradation of Txnip, and that this mechanism facilitates NF-B activation and the resultant inflammatory response in a model of ALI (3, 4) .
EXPERIMENTAL PROCEDURES
Reagents-All materials were purchased from Sigma unless otherwise indicated. All antibodies were from Santa Cruz Biotechnology except Txnip rabbit polyclonal (Invitrogen), Txnip mouse monoclonal (MBL International), and ubiquitin (Cell Signaling).
Cell Culture-A549 (CCL-185) cells were grown in F12K medium (Invitrogen) supplemented with 10% heat-inactivated fetal bovine serum, 100 units/ml penicillin, and 100 g/ml streptomycin. All cultures were maintained in 95% air, 5% CO 2 at 37°C. Cells were infected with the Txnip lentivirus expression or empty vector for 36 h prior to cytokine stimulation with TNF␣. Whole cell, cytoplasmic, and nuclear lysates were prepared as previously described (1) . Protein concentration of cell extracts was determined by BCA (Pierce).
Txnip Lentivirus Construction-Mouse Txnip cDNA was subcloned into the 5Ј-EcoRI and 3Ј-XhoI sites of pCDH lentiviral expression (System Biosciences). Txnip and control lentiviruses were produced by transfecting HEK-293T cells with a mixture of pCDH, PAX2, and VSVG plasmids using Lipofectamine (Invitrogen). Cell culture supernatants were harvested 4 -5 days later, cleared by centrifugation at 2000 rpm for 5 min, and filtered at 0.45 m.
Immunoprecipitation (IP)-A549 cells were lysed in IP buffer (0.1% Nonidet P-40, 150 mM NaCI, 10 mM Na 2 HPO 4 , 2 mM EDTA), and NF-B p65, Trx1, and ubiquitin IPs were performed by incubation with primary antibody or nonimmunized rabbit IgG (Cell Signaling) for 2 h at 4°C, followed by addition of protein G-agarose and overnight incubation at 4°C. Beads were washed extensively with IP buffer, and proteins were eluted by boiling in Lamelli buffer and separated by SDS-PAGE followed by Western blotting.
Mouse Model of ALI-All procedures were approved by the Duke University Institutional Animal Care and Use Committee. 6 -8-week-old, male wild-type C57BL6/J mice were exposed to aerosolized LPS (0111:B4 Escherichia coli LPS, 4 g/m 3 ) or phosphate-buffered saline (PBS) for 2.5 h as previously described (4) .
Mouse lung lavage, tissue extraction, and homogenate preparation were performed as previously described (4) . Cell counting of pooled bronchoalveolar lavage fluid (BALF) was performed with a hemocytometer and cell differentials determined on stained cytospin preparations. BALF was centrifuged at 1500 ϫ g for 10 min to collect cells, and the protein concentration of the cell-free supernatant was determined by BCA assay. ELISAs were used to quantify KC (Peprotech) and IL-6 (EBioscience) in the BALF.
Protein SNO Detection-Total cell SNOs were quantified in protein lysates using photolysis-chemiluminescence as previously described (4) . The biotin switch assay was used to quantify SNO-p65 as previously described (1) . Samples were diluted in HENS buffer (250 mM Hepes, 1 mM EDTA, 0.1 mM neocuproine, 2.5% SDS, pH 7.7) and free thiols blocked by the addition of 3 mM S-methylmethane thiosulfonate. Proteins were then precipitated in cold acetone, washed extensively, and resuspended in HENS buffer. SNOs were reduced by 50 mM sodium ascorbate and labeled with 50 g/ml biotin-HPDP (Pierce). Biotinylated proteins were precipitated by overnight incubation with Neutravidin-agarose (Pierce). The biotinylated proteins were analyzed by immunoblotting.
NF-B Activity Assay-Nuclear protein binding to a consensus NF-B oligonucleotide was determined by ELISA (TransAm p65, Active Motif).
S-nitrosoglutathione Reductase (GSNOR) Activity-Protein was diluted to 1 mg/ml in PBS containing 100 M DTPA and 500 M EDTA, and the absorbance at 340 nm was measured over time in the presence of 100 M reduced nicotinamide adenine dinucleotide (NADH) and 100 M S-nitrosoglutathione (GSNO). NADH-dependent GSNOR activity was defined as the difference in absorbance in the presence or absence of GSNO. Relative GSNOR activity was calculated from the slope of the absorbance over time.
Thioredoxin Reductase (TrxR) Activity-Protein was diluted to 1 mg/ml in PBS containing 100 M DTPA and 500 M EDTA, followed by the addition of 200 M NADPH and 5 mM 5.5Јdithiobis-(2-nitro benzoic acid) (DTNB). TrxR activity was calculated as the rate of thionitrobenzoate anion (TNB) formation at 412 nm.
Real-time PCR-Total RNA was extracted from A549 cells (RNeasy Mini Kit, Qiagen, Valencia, CA). A total of 1 g of RNA was used for reverse transcription using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Real-Time PCR was performed in a Bio-Rad iCycler using SYBR Green reagent (Bio-Rad) under standard conditions. Primer sequences were as following: actin forward, 5Ј-TCA AGA TCA TTG CTC CTC CTG-3Ј and reverse, 5Ј-CTG CTT GCT GAT CCA CAT CTG-3Ј; Txnip forward, 5Ј-GAG TGT GGG TCC ACC TTA GC-3Ј and reverse, 5Ј-TGT ATC ACA ACA TGG GCG CT-3Ј. Relative quantification was performed using comparative threshold cycle C T analysis. Gene expression changes were expressed as -fold change using actin as internal control.
Data Analysis-Data are expressed as mean Ϯ S.E. Significant differences between groups were identified by Student's t test, or two-way analysis of variance. The ratios of SNO-p65 to total-p65 Western blot densitometry were calculated and logtransformed to satisfy normality. Analysis of variance was performed to examine the effect of blot and chemical on treatment group. Results are presented as estimated marginal means and are adjusted for multiple comparisons (Tukey-Kramer contrast; R statistical Analysis freeware, version 2.15.0).
RESULTS

TNF␣-induced Denitrosylation of NF-B p65 in the Respiratory Epithelium-
We have previously shown that S-nitrosylation of p65 inhibits NF-B activity in the respiratory epithelium and that LPS exposure in a mouse model of ALI induces a rapid decrease in SNO-p65 levels in the lung in conjunction with NF-B activation in the respiratory epithelium (4) . These data suggest that S-nitrosylation of p65 is a critical mechanism for the maintenance of NF-B in a quiescent state in the respiratory epithelium. To determine whether p65 denitrosylation is a prerequisite for cytokine-induced NF-B activation, we quantified S-nitrosylation of p65 in A549 respiratory epithelial cells after 1-h stimulation with TNF␣, which robustly activates NF-B in these cells and is secreted at a high concentration into the mouse airway in response to LPS (9) . By biotin switch assay, we found significant basal S-nitrosylation of p65 in A549 cells and observed a Ͼ50% reduction in SNO-p65 levels following TNF␣ treatment (Fig. 1, A and B) . Interestingly, we found no significant change in total cellular SNOs after TNF␣ stimulation ( Fig. 1C ), suggesting that the decrease in SNO-p65 was not the result of a generalized increase in cell SNO metabolism. In addition, TNF␣ stimulation did not alter the activity of GSNOR, the enzyme that is primarily responsible for regulating intracellular GSNO levels ( Fig. 1D ). Collectively, these data indicate that the mechanism for TNF␣-induced SNO-p65 denitrosylation is protein-specific and suggest a well coordinated, targeted process.
TNF␣-induced Denitrosylation and Activation of NF-B Is Trx-dependent-Recent work has established that the oxidoreductase Trx can function as a SNO-protein denitrosylase. For example, in the lymphocyte, Trx mediates Fas-induced denitrosylation and activation of caspase-3 (7) . Given the well known role of Trx in regulating NF-B activity by controlling the redox status of the p50/p65 heterodimer (6, 10), we hypothesized that Trx might similarly serve to mediate TNF␣-induced SNO-p65 denitrosylation and NF-B activation in the respiratory epithelium. Pretreatment of A549 cells with auranofin, an organogold compound that inhibits TrxR thereby blocking redox cycling of Trx, prevented TNF␣-induced denitrosylation of SNO-p65 in conjunction with marked attenuation in NF-B (p50/p65) DNA binding and the NF-B-dependent transcription of cytokine IL-8 ( Fig. 2 , A-D). Moreover, auranofin treatment did not affect TNF␣-induced IB␣ degradation or p65 nuclear translocation ( Fig. 2D ) indicating that S-nitrosylation of p65 is an inhibitory mechanism distinct from the classically described NF-B signal transduction pathway, where IB␣ phosphorylation, ubiquitination, and proteasomal degradation are the crucial regulators of NF-B activation.
Trx Mediates LPS-induced Airway Inflammation via NF-B Denitrosylation-We have previously demonstrated that SNO-p65 denitrosylation in the lung occurs in conjunction with NF-B activation in the respiratory epithelium and is an essential step that initiates the airway inflammatory response to aerosolized LPS (4). To determine whether Trx activity regulates p65 denitrosylation and NF-B activation in this model of ALI, we inhibited TrxR activity in the mouse lung via intraperitoneal injection of the TrxR inhibitor aurothioglucose prior to LPS exposure. Similar to our findings in A549 cells, inhibition of TrxR activity prevented LPS-induced SNO-p65 denitrosylation and attenuated NF-B DNA binding in the lung (Fig. 3 , matory cells (i.e. neutrophils) into the airway (Fig. 3, D and E) . These findings indicate that Trx-mediated denitrosylation of SNO-p65 is a critical signaling event that is required for NF-B activation in the lung and is an important mechanism by which the pulmonary immune response is regulated.
Mechanism by Which Trx1 Regulates NF-B Denitrosylation-The NF-B p50/p65 heterodimer has previously been shown to undergo protein interaction with Trx1 in both the cytoplasm and nucleus (10) . As such, alteration in this interaction is a potential mechanism by which denitrosylation of SNO-p65 could be regulated. To determine whether cytokine stimulation enhances NF-B-Trx1 interaction in the respiratory epithelium, we analyzed p65 and Trx1 immunoprecipitates prepared from A549 cell lysates. Trx1 co-immunoprecipitated with p65 at base line, and this interaction was confirmed in the reverse (Trx1) IP (Fig. 4A) . Interestingly, we observed a slight decrease in Trx1-p65 interaction after TNF␣ stimulation with no change in either Trx1 or p65 expression. Similarly, we saw no differences in TrxR protein expression or activity in A549 cells following TNF␣ stimulation (Fig. 4, B and C) . These data indicate that neither enhanced TrxR activity nor Trx1 interaction with the NF-B p50/p65 heterodimer is the mechanism by which TNF␣-induced, Trx-mediated denitrosylation of NF-B p65 is regulated. However, TNF␣ stimulation did induce a marked decrease in cellular levels of the Trx-inhibiting protein Txnip (Fig. 4C ) delineating a potential Trx-activating mechanism. Furthermore, we found that Txnip co-immunoprecipitated with Trx1 but not p65 at base line, suggesting that the interaction of Txnip and p65 with Trx1 is exclusive (Fig. 4D) .
Txnip is a constitutively expressed protein that forms a mixed disulfide with the active site Cys 32 of Trx, thereby inhibiting its oxidoreductase activity (11) . Txnip has a short half-life due to robust degradation via the ubiquitin-proteasome system (12) . Recently, NO was shown to down-regulate Txnip transcription in cytokine-stimulated macrophages, thereby providing a feed forward mechanism for activation of protein denitrosylation under settings of high NO output (8) . To determine whether ubiquitination of Txnip is increased in TNF␣-stimulated cells, we captured ubiquitinated proteins by IP and immunoblotted the eluate for Txnip. A relative increase in Txnip ubiquitination was seen after TNF␣ stimulation (Fig. 5A ), particularly in light of the decrease in total cell Txnip expression ( Fig. 5A, Txnip input) . To further probe the importance of proteasomal degradation in the observed decrease in Txnip after cytokine stimulation, A549 cells were treated with the proteasome inhibitor MG132 prior to TNF␣. Pretreatment with MG132 fully prevented the decline in Txnip after TNF␣ stimulation ( Fig. 5B) , confirming that the mechanism is dependent upon proteasomal degradation. Txnip transcription was also decreased after TNF␣ stimulation ( Fig. 5C ), suggesting that there are multiple mechanisms for the decline of cellular Txnip. However, whereas NOS2-derived NO is known to decrease Txnip expression (8), we found that NOS2 is not expressed in A549 cells after a 1-h TNF␣ stimulation (Fig. 5D ), and the NOS2 inhibitor 1400W had no effect on TNF␣-induced Txnip degradation (Fig. 5E ). Collectively, these results suggest that the rapid decrease in cellular Txnip levels after TNF␣ cytokine activation is NOS2-independent and predominantly due to Txnip degradation by the ubiquitin-proteasome pathway.
Txnip Regulates Cytokine-induced NF-B Denitrosylation and Activation-To further address whether Txnip functionally regulates cytokine-induced SNO-p65 denitrosylation, we overexpressed Txnip in A549 cells via lentiviral vector. In a manner analogous to the effects of the organogold TrxR inhibitors, Txnip overexpression fully prevented the TNF␣-induced denitrosylation of SNO-p65 in A549 cells (Fig. 6, A and B) . Similarly, Txnip overexpression significantly attenuated NF-B DNA binding (Fig. 6C) whereas it had no effect on IB␣ degradation or p65 nuclear translocation (Fig. 6D) . These findings confirm that cytokine-induced decrease in Txnip is central to Trx1-mediated denitrosylation of SNO-p65 which is essential for the subsequent activation of NF-B in the respiratory epithelium.
DISCUSSION
It is increasingly recognized that S-nitrosylation is a critical mechanism for the post-translational regulation of immune response proteins. Whereas numerous mechanisms that target proteins for S-nitrosylation have been identified (e.g. via NOS protein-protein interaction) (13, 14) , denitrosylating pathways, in particular those tied to specific stimuli, have only begun to be elucidated. In this study, we determined that the mechanism by which cytokine stimulation of the respiratory epithelium reverses constitutive and inhibitory S-nitrosylation of NF-B p65 occurs through activation of the oxidoreductase Trx1. We further link Trx-mediated p65 denitrosylation to LPS-induced airway inflammation in vivo, thus emphasizing the relevance of S-nitrosylation as a regulatory pathway in the pulmonary immune response.
We and others have previously demonstrated that S-nitrosylation is a crucial mechanism by which NF-B activity is modulated. In addition to the p50/p65-activating heterodimer, other proteins in the NF-B pathway have been identified as targets of inhibitory S-nitrosylation including IB kinase ␤ (IKK␤) and MyD88 (in the TLR4 pathway) (15, 16) . In the case of IKK␤ and analogous to p65, S-nitrosylation is present under basal conditions with cytokine stimulation inducing rapid denitrosylation and IKK activation. S-nitrosylation thus appears to serve as a corollary inhibitory mechanism in the NF-B pathway that functions in parallel with the well delineated cytoplasmic sequestering of the p50/p65-activating heterodimer by IB␣ (17) . This premise is supported by the present data where TrxR inhibitors and Txnip overexpression, while inhibiting NF-B p65 denitrosylation and p50/p65 DNA binding, had no effect on TNF␣-induced IB␣ degradation or p65 nuclear translocation (Fig. 6D ). In this regard, it is important to note that additional modification of the target cysteine in p65 (Cys 38 ) can occur after denitrosylation, in particular sulfhydration which was recently shown to facilitate NF-B p50/p65 DNA binding in cytokine-activated macrophages (18) .
Trx is a well known mediator of NF-B activation. Trx1 binds the p50/p65 heterodimer directly, reducing the reactive thiol in the Rel DNA binding domain, thereby facilitating binding at target gene B promoter sites (6) . In activated cells (including TNF␣stimulated respiratory epithelium), Trx undergoes nuclear translocation where it interacts with NF-B p50/p65 and other transcription factors either directly or in association with APE/Ref-1 (5, 19) . Interestingly, Hirota et al. demonstrated that whereas overexpression of Trx in the nucleus enhances NF-B activity, cytoplasmic overexpression has the opposite effect, suggesting that other proteins lying upstream in the NF-B pathway are actually inhibited by thiol reduction (10) .
Whereas Trx is classically described as a disulfide reductase, an evolving body of literature has characterized the ability of Trx to reduce SNOs as well. Unlike GSNOR, which indirectly decreases cell protein S-nitrosylation through GSNO metabolism, Trx appears to directly target specific SNO-proteins for Cys reduction (20) . In this regard, two previously identified targets of Trx-mediated denitrosylation, caspase-3 and Nethylmaleimide-sensitive factor, have been shown to require protein interaction with Trx for denitrosylation to occur (7, 21) . Although we show here that p65 similarly interacts directly with Trx1, our data suggest that the primary mechanism regulating Trx-dependent p65 denitrosylation in the respiratory epithelium is not modification in Trx1-p65 binding, but rather degradation of the Trx-inhibiting protein Txnip. Our present findings thus extend the recent observations that suppression of Txnip is a mechanism by which Trx prevents indiscriminate protein S-nitrosylation and nitrosative stress in cytokine-stimulated, NOS2-expressing macrophages (8) .
Originally described as a vitamin D-up-regulated protein (VDUP1), one of the principal functions of Txnip is to regulate Trx activity (11, 22) . Indeed, the pathophysiological importance of Txnip has been demonstrated in numerous disease models where both oxidative stress and S-nitrosylation are known to play key roles (e.g. diabetes, carcinogenesis, and inflammation) (23) (24) (25) . In the context of inflammation, Txnip has previously been shown to suppress cytokine-induced NF-B activation (26) , findings that are corroborated in the present study. However, we found the mechanism by which Txnip levels acutely decrease to be primarily through heightened ubiquitination and proteasomal degradation, with attenuated transcription playing a lesser role. These results are in contrast with the NOS2-dependent decrease in Txnip transcription seen after more prolonged cytokine stimulation (8) . In support of our observations, Txnip has recently been shown to be targeted by the ubiquitin E3 ligase Itch through interaction with a conserved PPXY motif in the C terminus of Txnip (12) . However, it remains to be determined how specific stimuli, including TNF␣, regulate this process in the respiratory epithelium.
We have previously shown that SNOs suppress lung inflammation and that aerosolized LPS acutely decreases SNO-p65 levels, leading to NF-B activation in the respiratory epithelium and initiation of the pulmonary immune response (4). Our results now indicate that Trx activation is the mediator of this response. With these data, NF-B p65 can now be classified as the first protein in which the regulatory mechanisms governing both stimulus-coupled S-nitrosylation (via NOS2) (1, 3) and denitrosylation (via Trx1) have been defined. However, given the importance of S-nitrosylation in regulating the cellular immune response, it seems likely that additional SNO-modified immune response proteins will be identified. Pharmacological inhibitors of Trx/TrxR thus hold promise as anti-inflammatory agents that can be employed either alone or in conjunction with SNO enhancing therapies.
